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  Black carbon (BC), the recalcitrant continuum of products from incomplete combustion, includes char, charcoal and 
soot, being considered an important component of the global C cycle. However due to measurement uncertainties, the 
magnitude and distribution of BC is hardly known. In this study, a rapid and inexpensive spectroscopic technique, as it 
is  mid-infrared  spectroscopy  in  combination  with  oxidation  procedures  is  proposed  to  quantify  the  recalcitrant 
aromatic fraction resistant, which can effectively determine the proportion of BC in soils.  
This method was tested by using a wide variety soil samples of various origin, composition and properties. Results were 
contrasted by those obtained by applying solid-state Nuclear Magnetic Resonance (NMR) spectroscopy. Mid-infrared 
spectroscopy showed a very high predicting potential in the case of samples with large concentrations of BC by taking 
advantage of  the relative optical density of the 2920 cm-1 C–H stretching band.  In the case of soils with low BC 
contents,  the  application  of  Partial  Least  Square  Regression  to  baseline-subtracted,  second-derivative  Fourier-
Transformed  Infra-red  (FT-IR)  spectra  lead  to  significant  (P<0.05)  cross-validation  models.  By  this  procedure  a 
considerable  improvement  in  forecasting  the  aromatic  fraction  resistant  to  the  chemical  oxidation  steps  (BC-like 
material) was obtained. 
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1  INTRODUCTION 
1.1  BACKGROUND 
A detailed and global distribution of black carbon (BC) in 
soils is still missing because of the current lack of unbiased 
method  for  routine  BC  quantification  in  environmental 
samples.  Reliable  quantification  of  this  stable  organic  C-
form separately from the other C pools would be a plus, 
both for providing data for models of C turnover but also 
to accurately assess the soil potential for C sequestration. 
It  has  been  postulated  that  BC  can  be  determined  by 
several  analytical  methods,  as  described  in  Masiello 
(2004). Oxidation by reacting with potassium dichromate 
and sulphuric acid represents a common approach for the 
determination of BC in soils and sediments (Knicker et al., 
2007; Masiello, 2004). However, the reliability of BC data 
of soil organic matter (SOM) obtained solely by chemical 
oxidation methods is questionable, since the oxidation is 
selective for hydrophobic compounds and aside from BC, 
the residues may contain residual waxes. 
Therefore,  additional  characterization  of  the  extraction 
residue  is  highly  convenient  (Knicker  et  al.,  2007).  One 
possibility  to  quantify  aromatic  C  represents  solid-state 
Nuclear Magnetic Resonance (NMR) spectroscopy. The BC 
content  is  related  to  the  signal  intensity  of  the  aryl-C 
region  of  the  acid  dichromate  oxidation  residue  (i.e., 
aromatic,  oxidation-resistant  elemental  carbon  OREC-ar). 
However, this technique is time-consuming and expensive 
and alternatives are needed. FLAMMA | Vol. 4 | 3 | 147-151 
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Therefore, the aim of the present study was to elucidate a 
more rapid alternative such could be the analysis of soil 
samples  in  the  Fourier  Transform  mid-Infrared 
Spectroscopy (FT-IR) (4000–400 cm
−1). Up to now, several 
studies have been developed in bulk soils, nevertheless 
results  are  contradictory.  Recently,  Zimmermann  et  al. 
(2007) demonstrated that  the chemically recalcitrant C 
after  NaOCl  oxidation  could  be  predicted  from  mid -
Infrared  Spectroscopy  (MIRS)  and  multivariate  data 
analysis such as partial least squares regression (PLSR). 
Similar results were obtained by Bornemann et al. (2008), 
who predicted the proportion of BC in soils by means of 
MIRS  followed  by  PLSR.  Leifeld  (2006)successfully 
predicted the alkyl and carboxylic -C NMR intensities in 
soils  while  the  prediction  for  aromatic  signals  failed. 
Maskings  of  the  infrared  absorption,  as  well  as  
underestimation of aromatic signals from charred material 
using NMR (Baldock & Smernik, 2002), were discussed as 
possible reasons for the disagreeing results. Using high 
resolution spectral recording may, however, help decipher 
aromatic signals from SOM even if minerals are present. As 
stated by Reeves et al. (2008), “the similarity between the 
functional groups found in charred materials and materials 
such as humic acids and other already present in soils does 
raise  the  question  of  whether  charred  material  will  be 
quantifiable  by  NIRS  or  DRIFTS  when  present  in  soil 
samples”. 
1.2  OBJECTIVES 
In  the  present  study  a  more  rapid  and  non -expensive 
alternative to NMR spectroscopy for the assessment of BC-
like material in soils was elucidated. This tool is based on 
the analysis by FT-IR of reference samples of soils, lignins 
and charcoal after acid oxidation with acid K2Cr2O7. 
2  METHODOLOGY 
2.1  SAMPLES 
Several  sets  of  soils  from  different  locations  and  specific 
materials  were  selected  for  this  study.  They  consisted  of 
buried ancient paddy soils (China; Cao et al., 2006), Histic 
Humaquept soils from Doñana National Park (SW Spain), 
cellulose  of  different  origins  and  laboratory-produced 
charcoal from wood, rice and grass. All the samples were 
air-dried, homogenized and passed through a 2 mm sieve 
before  demineralization  and  chemical  oxidation 
procedures. 
2.2  C AND N ANALYSES 
Total  C  and  total  N  were  measured  in  duplicates  by  dry 
combustion  (975 
oC)  using  an  Elementar  Vario  EL 
microanalyzer detecting N as N 2 and C as CO 2. Detection 
limits for C and N were 0.4 and 1 μg, respectively. 
2.3  DEMINERALIZATION 
For  demineralization,  the  bulk  soils  were  treated  with 
hydrofluoric acid (HF) according to Gonçalves et al. (2003). 
Briefly,  10  g  sample  material  was  shaken  with  50  mL  of 
10%  (w:w)  HF  for  12  h  in  polyethylene  bottles.  Calcium 
carbonates,  when  present  in  soils,  were  previously 
removed  with  2M  HCl.  After  centrifugation,  the 
supernatants  were  siphoned  off  and  discarded.  The 
procedure was repeated five times at room temperature. 
The remaining sediment was washed five times with 40 mL 
deionized water and freeze-dried. 
2.4  CHEMICAL OXIDATION 
Oxidation with acid K 2Cr2O7 for BC analysis was based on 
Knicker et al. (2007). Between 250 and 400 mg HF -treated 
soils were oxidized with 40 mL of 0 .1M K2Cr2O7/2M H2SO4 
solution  at  60 
oC  in  an  ultrasonic  bath  during  6  h  in 
duplicate. The residue was freeze -dried and its C/N ratio 
was  determined  prior  to  NMR  spectroscopic  analysis 
Nocentini et al. (2010). 
2.5  FT-IR SPECTROSCOPY 
Fourier Transform-Infra Red spectra were obtained using a 
JASCO  4100  spectrometer.  The  scan  range  was  set  at 
4000–400  cm
−1  at  a  resolution  of  2  cm
−1.  Potassium 
bromide (Thermo Spectra-Tech, Madison, WI, USA) pellets 
containing about 1% of powdered sample were scanned. In 
order to improve the signal to noise ratio, 60 spectra were 
co-added  and  averaged  for  each  recorded  spectrum. 
Spectral data were background corrected to a reference 
spectrum  prior  to  every  measurement.  Unless  stated 
otherwise, all data manipulation procedures and statistical 
analysis were performed using JASCO spectra manager.  
2.6  SOLID STATE 
13C-NMR SPECTROSCOPY 
Solid-state 
13C cross polarization magic angle spinning (CP-
MAS) NMR spectra of the residues were recorded with a 
Bruker DSX-200 NMR spectrometer (Technical Univ ersity-
München,  Lehrstuhl  für  Bodenkunde).  Magic  angle FLAMMA | Vol. 4 | 3 | 147-151 
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Figure 1. Example of PLSR Cross validation procedure for OREC-ar from 
Paddy soil samples. 
 
spinning (MAS) was applied at 6.8 kHz. The 
13C chemical 
shifts  were  referenced  to  tetramethylsilane.  A  contact 
time of 1 ms and a pulse delay of 300 ms were used. The 
signal  was  recorded  as  free  induct ion  decay  (FID)  and 
Fourier transformed to yield spectra. The number of scans 
ranged between 10.000−100.000. 
3  RESULTS AND CONCLUSIONS 
Oxidation with potassium dichromate was successful. The 
efficiency  of  oxidation  of  aromatic  C  varied  between 
10−100%  depending  on  the  nature  of  the  samples. 
Differences  of  oxidation  efficacy  occur  also  for  different 
plant  charred  materials,  which  allow  us  to  distinguish 
these materials. 
By combining the relative intensity of the aryl C region of 
the 
13C NMR spectra with the organic carbon (OC) contents 
after oxidation with acid dichromate of samples, the OREC-
ar was calculated for all the samples. 
The intensity of bands in the IR spectra can only be used in 
a semi-quantitative way. Thus, it is possible to compare 
the intensity of the same band in different spectra, but not 
that  of  different  bands  in  the  same  spectrum.  This  is 
because, at equal concentration, the molar absorptivity of 
different  functional  groups  is  highly  variable  or  even 
different.  For  instance,  aliphatic  groups ,  amides  and 
carboxyl  groups  take  the  form  of  very  strong  bands, 
whereas  aromatic  structures,  being  much  more  rigid, 
produce bands with low intensity, even if they are major 
constituents of the samples. In addition, the intensity of 
the bands depends on the amount of sample. In order to 
overcome these problems we used the same amount of 
sample material (1 mg in 100 mg of KBr) for all spectra and 
normalized  the  intensity  values  to  "relative  optical 
intensities" dividing the values by the intensity of a fixed  
band at 2920 cm
−1 (corresponding to aliphatic C−H groups 
tension; stretching). The same functional group produces 
the band at 1460 cm
−1. Bands centred at 1510 cm
−1 and 
1620 cm
−1 are attributed to aromatic structures. By using FLAMMA | Vol. 4 | 3 | 147-151 
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Figure 2. VIP spectra showing the most relevant MIR bands as regards forecasting OREC-ar from 
Doñana soils (a) or from Paddy soils (b). Note: Typical bands attributable to minerals which are 
also surrogates responsive for OREC-ar e.g. quartz and oxides in (a) or smectites in (b). 
   
the  areas  of  these  signals  we  have  calculated  an  IR-
aromatic  index.  Preliminary  results  of  the  statistical 
analyses  (simple  and  multiple  correlation  models  and 
multiple  variable ordination by multidimensional scaling) 
suggested a limited forecasting potential of individual IR 
bands  or  sets  of  few  IR-bands  measured  either  in  the 
original  spectra,  on  their  second  derivative  spectra  (the 
latter used in order to prevent baseline subjective values). 
This approach showed its best predicting potential only in 
the case of samples with extreme concentrations of BC, in 
general  taking  advantage  mainly  of  the  relative  optical 
density of the 2920 cm
-1 C–H stretching band.   
Considerable  improvement  in  forecasting  OREC-ar 
contents (BC-like material) was obtained by applying PLSR 
(Viscarra, 2008) to baseline-subtracted, second-derivative 
FT-IR  spectra  which  lead  to  significant  (P<0.05)  cross-
validation models for the OREC-ar (Figure 1). 
Simultaneous  plotting  of  the  variable  importance  for 
projection  (VIP)  plots  of  OREC-ar  and  the  original  FT-IR 
spectra yielded additional insights about the controversial 
assignation of the ‘puzzle’ band system centered at 1620 
cm
-1 (Figure 2). 
The preliminary results also suggested that (depending on 
the number of latent factors considered when intending to 
extrapolate the prediction model to samples different to 
those  selected  for  the  calibration)  forecasting  OREC -ar 
requires data from several FT -IR regions, none of them 
having crucial importance. 
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